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A.  Introduction 

The  formation  of  narrow  zones  of  highly  localized  deformation,  known  as  shear 
bands,  is  an  important  phenomenon  frequently  occurring  when  materials  are  deformed 
at  high  strain  rates.  Whether  or  not  it  is  accompanied  by  fracture,  this  localization 
generally  implies  failure  of  the  structural  component  through  an  essentially  complete 
loss  in  the  load-carrying  capacity  of  the  highly  deformed  material  within  the  shear 
band  [1-4],  It  has  been  reported  that  localization  occurs  more  readily  in  materials 
with  a  low  strain  hardening  rate,  a  low  strain  rate  sensitivity,  a  low  thermal 
conductivity,  and  a  high  thermal  softening  rate.  Examples  include  alloys  of  titanium, 
aluminum,  copper,  as  well  as  steels  [5-22J.  Shear  bands  have  been  observed  in  manv 
practical  applications  involving  dynamic  deformation  including  machining,  ballistic 
impact  and  high  velocity  shaping  and  forming.  Attesting  to  the  significance  of  shear 
banding  is  the  large  number  of  recent  studies,  including  experimental  observations, 
analytical  modeling  and  metallurgical  investigations.  These  are  reviewed  by  Argon 
[23],  Rogers  [24,25],  Bedford,  Wingrove  and  Thompson  [26],  Clifton  [27],  Olson,  Mescall 
and  Azrin  [28].  Hutchinson  [29],  and  Timothy  [30].  Backman  and  Finnegan  [31]  have 
classified  shear  bands  into  either  of  two  types,  deformed  and  transformed,  depending 
upon  whether  or  not  a  phase  transformation  has  occurred.  According  to  this 
classification,  transformed  bands  may  be  as  narrow  as  5  or  10  microns  and  will 
appear  white  when  etched  with  a  nital  solution;  in  contrast  deformed  bands,  while 
showing  an  enhanced  local  deformation,  generally  remain  fairly  broad  and  do  not 
etch  white. 

Recent  modeling  of  shear  band  initiation  has  concentrated  on  the  role  of  defects, 
particularly  geometric  or  dimensional  variations,  temperature  differences,  and  the  role  of 
inclusions.  Thus,  Molinari  and  Clifton  [32]  predicted  critical  conditions  for  shear  band 
formation  by  considering  the  size  of  geometrical  defects,  while  Wright  and  Walter  [33] 
concentrated  on  a  temperature  inhomogeneity  to  trigger  the  shear  band. 
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The  present  paper  describes  types  of  fracture  that  occur  during  shear  band 

formation  as  they  relate  to  metallurgical  factors.  Recently,  experiments  have  been 
performed  to  study  details  of  the  formation  process  of  shear  bands  [1,2].  These 
include  local  temperature  measurements,  effected  by  means  of  infra-red  detectors, 
which  have  measured  a  temperature  rise  in  excess  of  600°C  within  the  region  of  the 
shear  band.  They  also  include  microsecond  exposure  photographs  of  the  shear  band 
formation  process.  The  latter  tests  are  aimed  at  measuring  localized  strain  both  as  a 
function  of  time  and  as  a  function  of  position  on  the  metal  surface.  All  the 
experiments  in  question  in  these  investigations  make  use  of  a  torsional  Kolsky  bar 

(torsional  split-Hopkinson  bar)  to  deform  thin-wallcd  tubular  specimens  of  the  various 
steels.  The  method  is  described  in  References  (1)  to  [4].  The  dynamic  strain  rate 
imposed  in  these  tests  is  about  lO*/s  in  shear.  Throughout  these  investigations,  the 
role  of  microstructure  (eg.  the  grain  boundaries,  phase  boundaries,  precipitates, 

inclusions,  etc.)  may  also  be  considered  as  one  of  the  important  factors  in  the 
formation  of  the  shear  band  (17,34J.  These  microstructural  inhomogencitics  can 
provide  initiation  sites  for  the  voids  and  microcracks  which  lead  to  the  process  of 
shear  band  formation  and  eventually  to  failure  of  the  material. 

For  the  present  paper,  microscopic  examinations  were  made  of  shear  bands  in 
three  different  steels,  an  AISI  1018  cold  rolled  steel  (CRS),  HY-100  structural  steel 
and  AlSl  4340  VAR  steel  subjected  to  two  different  heat  treatments.  Under  present 
experimental  conditions  and,  in  particular,  at  strain  rate  of  about  lO’/s,  the  shear 

bands  in  1018  CRS  are  of  the  deformed  type.  With  continued  straining  voids 
initiate  at  the  ferrite-pearlite  boundaries  within  these  shear  bands,  apparently  as  a 
result  of  the  cracking  of  thin  pearlites.  Propagation  and  linkage  of  the  microcracks 
follows  along  the  phase  boundaries.  Shear  bands  in  HY-100  steel  initially  are  of  the 
deformed  type  but,  at  larger  strains,  give  evidence  of  a  narrower  band  that  etches 
white.  The  voids  within  the  shear  bands  in  this  steel  nucleate  at  manganese  sulfide. 


MnS,  inclusions.  Their  coalescence  eventually  can  result  in  fracture  along  the  shear 
band,  although  in  many  tests  no  fracture  was  seen  even  though  the  dynamic  stress 
level  dropped  sharply  [1-4].  Two  microstructures  of  AISl  4340  VAR  were  tested  and 
each  formed  shear  bands  of  the  transformed  type.  The  fracture  surface  within  the 
transformed  shear  bands  showed  ductile  dimples  presumably  forming  at  carbide 
particles.  They  indicate  that  the  fracture  process  is  fibrous,  probably  because  of  the 
temperature  rise  within  the  shear  band.  No  evidence  of  void  formation  was  observed 
on  the  polished  surface  of  the  shear  band,  but  observations  were  limited  to  SEM  and 
optical  microscopy. 

B.  Description  of  Experiments 

1.  General 

The  chemical  composition  of  the  steels  is  given  in  Table  1.  AlSl  1018  CRS 
and  HY-100  were  tested  in  the  as-received  condition.  Two  tempers  of  the  AlSl 
4340  VAR  steel  were  tested;  their  complete  heat-treatment  is  described  in  Reference 
[35].  A  temper  of  425 *C  gives  a  hardness  of  44  on  the  Rockwell  C  scale,  while  a 
200‘’C  temper  gives  a  hardness  of  55.  Optical  micrographs  of  the  undeformed 
microstructures  arc  shown  in  Figures  1-3.  For  1018  CRS,  these  reveal  ferrite  and 
pearlite;  for  HY-100,  tempered  martensite  with  large  MnS  inclusions.  The  AISI  4340 
VAR  steel  also  shows  a  tempered  martensite  microstructure,  with  the  425  °C  temper 
being  considerably  finer.  The  specimens  used  in  this  study  were  machined  in  the 
shape  of  thin-walled  tubes  with  integral  hexagonal  flanges  for  gripping.  Figure 
4.  Torsional  loading  at  high  strain  rates  was  applied  in  a  torsional  Kolsky  bar 
(split-Hopkinson  bar),  described  by  Costin  et  al.  [4].  For  present  purposes,  the 


torsional  Kolsky  bar  is  advantageous  because  it  provides  a  relatively  simple  and 
uniform  state  of  shear  stress  during  dynamic  deformation,  because  the  instrumentation 
affords  an  easy  means  of  measuring  average  strain  as  a  function  of  time,  and 


because  supplementary  instrumentation  can  be  added  easily  to  measure  local  strain 


and  the  temperature  distribution.  Details  are  presented  in  reports  on  the 

individual  steels,  References  [1,2,36],  It  should  be  added,  that  to  measure  the  local 
shear  strain  distribution  along  the  thin-walled  tubular  specimen  under  dynamic 
loading,  a  grid  of  fine  lines  is  deposited  photographically  on  the  outside  surface  of 
the  specimen.  Figure  4.  Initially,  the  grids  are  oriented  so  the  lines  are  parallel  to 
the  axis  of  the  specimen.  During  the  subsequent  deformation  the  slope  of  the  lines 
provides  a  measure  of  the  strain  distribution  across  the  gage  section.  During 
deformation  eight  frames  are  recorded  photographically  at  pre-set  instants  by  means 
of  a  high-speed  image-converter  camera.  These  provide  a  time-history  of  the 
localization  process.  Alternatively,  ultra-high  speed  flash  photographs  are  made  of 
the  strain  at  various  positions  around  the  circumference  of  the  specimen,  to  provide 
an  understanding  of  shear  banding  as  a  function  of  distance. 

2.  Preparation  of  Specimens  for  Metallurgical  Examination 

The  shear  bands  in  the  tubular  specimens  lie  essentially  in  one  plane, 
perpendicular  to  the  axis  of  the  specimen  and  generally  near  the  center  far  from  the 
shoulders.  Shear  bands  have  never  been  seen  at  either  of  the  reentrant  corners 
formed  by  the  shoulders.  Although  all  specimens  develop  a  shear  band  in  this  test,  a 
crack  does  not  develop  in  all  cases.  When  a  crack  does  appear,  it  may  follow  the 
shear  band  only  partly  around  the  circumference  of  the  specimen,  or  it  may 
propagate  completely  around.  As  it  turns  out,  the  fact  that  we  obtain  both  partial 
and  complete  fractures  is  convenient  for  the  present  microscopic  observations.  The 
completely  fractured  specimens  are  chosen  for  the  fractography.  But,  to  study 
incipient  fracture,  the  specimens  used  are  those  in  which  a  crack  covered  only  a 
portion  of  the  circumference.  Under  the  latter  conditions,  the  uncracked  portion 
of  the  shear  band  shows  a  very  high  local  strain.  It  should  be  remembered  that  the 


magnitude  of  this  local  strain  is  known  for  each  specimen  from  the  slope  of  the  grid 
lines  deposited  on  the  outer  surface. 

To  prepare  the  specimens  for  observation,  the  uncracked  wall  section  of  the 
partially  fractured  specimens  were  cut  with  an  electro-discharged  machine  (EDM)  in 
order  to  reduce  damage.  The  sectioned  wall  was  then  prepared  for  lat.r 
metallurgical  examination  of  the  shear  band  material.  Both  optical  and  scanning 
electron  microscopy  (SEM)  were  employed.  The  microstructures  of  the  shear  bands 
were  observed  by  optical  microscopy  after  polishing  and  etching  (nital).  The 

specimens  were  also  examined  with  SEM  for  microstructural  defects,  such  as  voids 
and  microcracks  within  the  shear  band.  SEM  was  also  employed  to  observe  the 
surface  appearance  of  uncracked  shear  bands  as  well  as  the  fracture  surfaces  of  those 
specimens  that  had  fractured. 

C.  Results  and  Discussion 

1.  Mechanical  Behavior  of  the  Three  Steels  Based  on  Results  Obtained  with 
the  Kolsky  Bar 

The  room  temperature  dynamic  shear  stress-strain  curves  of  ail  three  steels,  as 
obtained  with  the  torsional  Kolsky  bar,  are  shown  in  Figure  5.  A  general  trend  of 
the  dynamic  stress-strain  behavior  at  room  temperature  is  that  a  maximum  shear 
stress  is  always  reached,  followed  by  a  slight  decrease  in  stress  with  further 

straining,  and  finally  a  rapid  drop  preceding  fracture.  The  nominal  strain  at  which 
the  final  rapid  drop  in  stress  occurs  can  vary  from  one  test  to  another  for  a  given 
steel.  This  was  found  to  be  influenced  by  geometric  defects  introduced  during 

specimen  preparation  [36],  consistent  with  the  predictions  of  Molinari  and  Clifton  [32]. 
The  maximum  shear  strain  at  fracture  in  dynamic  deformation,  and  the  hardness  of 
each  of  the  three  steels  are  given  in  Table  2.  A  more  complete  study  of  the 

mechanical  behavior  of  the  three  steels  under  investigation  can  be  found  in  the 

previously  cited  references  [1,2,36]. 
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Figures  6  and  7  are  presented  to  illustrate  the  type  of  result  that  can  be 
obtained  by  photographing  the  grid  pattern  on  the  specimen  surface  during 
deformation.  Figure  6  shows  changes  in  the  slope  of  the  grid  lines  at  40  microsecond 
intervals.  The  corresponding  nominal  strain  values  are  identified  on  the  stress-strain 
curve  for  the  same  test  in  Figure  7.  The  slopes  of  the  grid  lines  provide  the 

value  of  local  strain.  It  appears  from  these  that  the  strain  distribution  in  this 

particular  test  remains  homogeneous  until  a  strain  of  about  20  or  25%  has 
accumulated.  Shear  banding  seems  to  start  in  the  fifth  frame  =  33%)  and  be 

well  underway  by  the  sixth  (7^0^  =  38%).  Beyond  that,  the  specimen  has  probably 
fractured  or,  at  least,  a  macrocrack  has  appeared  at  the  observed  location.  Clearly, 
more  detail  is  necessary  and  this  is  provided  with  the  same  high  speed  camera  by 

reducing  interframe  time.  For  instance,  a  ten  microsecond  interframe  time  can  be 
used  to  study  in  more  detail  the  evolution  of  the  shear  band  in  the  region  of  the 
knee  in  the  stress-strain  curve,  where  the  stress  starts  to  drop  more  sharply.  An 
alternative  method  of  photographic  observation  is  to  take  simultaneous  ultra-high 
speed  flash  photographs  at  various  points  on  the  specimen’s  circumference.  By  this 

means,  it  has  been  shown  that  the  maximum  local  strain  need  not  be  the  same  at  all 
points  on  the  circumference  [1].  There  can  be  large  differences  in  local  strain, 
particularly  starting  at  the  knee  in  the  stress-strain  curve  and  through  the  large  stress 
drop.  For  more  details,  the  reader  is  referred  to  previous  publications  [1,2].. 
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2.  Microscopic  Observations  of  Shear  Bands 
2-1.  MSI  1018  Cold-Rolled  Steel 

Figure  8  is  an  optical  micrograph  of  the  shear  band  formed  in  AISl  1018  CRS. 
The  horizontal  direction  in  the  photograph,  i.e.  the  direction  of  the  shear  band,  is 
perpendicular  to  the  axis  of  the  specimen  and  to  the  direction  of  rolling  of  the 
original  steel.  As  was  seen  in  Figure  1,  the  rolling  process  elongated  and  crushed  the 
ferrite  and  pcarlite  grains.  These  grains  are  further  elongated  as  a  result  of  shear 
banding.  Indeed,  the  slope  of  the  grains  could  be  used  as  a  measure  of  the  strain, 
as  pointed  out  by  Moss  [37],  Similar  effects  have  been  seen  previously,  as  for 
instance  by  Rogers  [38],  as  well  as  in  the  machining  experiments  of  Semiatin  et  al.  [39], 

In  addition  to  the  shear  band,  the  photograph  reveals  a  fine  crack  that  arrested 
after  running  near  the  center  of  the  shear  band.  Examination  of  the  fracture 
surface  of  this  crack  reveals  it  propagated  in  a  ductile  manner,  see  Section  3.  The 
average  local  shear  strain  7^^^  is  about  600%,  and  the  average  width  w  of  the  shear 
band  is  about  lOOwm.  By  measuring  the  infrared  radiation  emanating  from  the  metal 
surface,  it  has  been  shown  that  the  maximum  temperature  rise  in  the  shear  band  is 
about  450 “C  [2].  Microscopic  observation  shows  the  shear  band  to  be  characteristic 
of  a  deformed  band;  it  does  not  etch  white  and  is  fairly  wide.  Figure  8.  However, 
the  temperature  rise,  undoubtedly  contributes  to  the  enhancement  of  the  local  shear 
deformation. 

SEM  was  used  for  more  detailed  observations  of  specific  areas  in  Figure  10. 
These  are  identified  as  A,  B  and  C  in  the  figure  and  shown  in  Figures  9  and  10.  Of 
these,  the  area  A  was  chosen  to  be  near  the  center  of  the  crack,  B  near  one  end, 
and  C  within  the  shear  band,  but  about  150wm  beyond  the  tip  of  the  crack.  These 
figures  reveal  the  presence  of  voids  and  microcracks  inside  the  shear  band.  Most  of 
these  voids  are  elongated  and  have  some  inclination  to  the  direction  of  the  shear 
band  (marked  with  arrows).  Coalescence  and  linkage  of  these  voids  and  microcracks 


lead  to  the  crack  shown  in  Figure  8  and,  with  continued  straining,  to  complete  fracture. 

In  order  to  investigate  possible  initiation  sites  of  voids  and  microcracks,  the 
polished  specimens  shown  in  Figure  9  were  etched  with  nital.  Figure  12.  Comparison 
of  Figures  9  and  10,  reveals  that  the  voids  and  microcracks  initiate  through  one  of 
the  following  mechanisms; 

(1)  by  decohesion  of  the  interface  between  ferrite  and  pearlite; 

(2)  by  the  breaking  apart  of  a  single  long  pearlite  lamella;  or 

(3)  by  the  separation  of  ferrite  grain  boundaries,  possibly  due  to  the  cracking  of 
the  precipitated  carbide  layers  shown  in  Figure  1. 

Of  these,  the  dominant  mechanisms  are  (1)  and  (2),  although  each  of  these  two 
probably  requires  a  different  level  of  local  strain.  As  may  be  seen  in  Figure  9(c) 

the  spacing  between  the  arrays  of  the  elongated  voids  is  of  comparable  magnitude 
with  the  distance  between  pearlite  lamellae  within  the  shear  band.  In  high 

temperature  deformation,  the  grain  boundaries  and  interfaces  generally  become  weaker 
than  the  slip  planes  within  the  grains.  For  example,  intergranular  cracking  is 
frequently  seen  as  a  result  of  hot-working  [40].  Since  the  temperature  within  the 
shear  band  is  rising  during  deformation,  the  decohesion  of  the  ferrite-pearlitc 
interfaces  and  the  separation  of  ferrite  grain  boundaries  become  easier.  Thus 
mechanisms  (1)  and  (3)  become  more  significant  because  of  the  higher  temperatures, 
although  the  fracture  of  pearlite  lamellae  remains  an  important  mechanism.  At  this 
stage,  fracture  of  the  pearlite  lamellae  is  influenced  more  by  the  localized  strain 
within  the  shear  band  (about  600%  on  the  average)  than  by  thermal  effects. 

2.2.  HY-100  Structural  Steel 

The  microstructure  of  the  shear  band  formed  in  an  HY-100  steel  during  dynamic 
torsional  testing  is  shown  in  Figure  11.  It  should  be  remembered  that  this  steel  has 
about  the  same  degree  of  ductility  as  does  CRS,  Figure  5.  The  flow  of  the  material 


within  the  shear  band  is  quite  evident  in  the  figure,  even  though  no  clear  marks  exist, 
such  as  the  highly  elongated  grains  observed  in  CRS.  Voids  and  linked  voids  arc 
also  shown  at  several  locations  near  the  center-line  of  the  shear  band.  The 
maximum  local  shear  strain  in  the  figure  shown  is  about  1000%  and  the  average 
width  of  the  shear  band  is  about  20tim. 

In  a  previous  investigation  [2],  the  maximum  local  strain  measured  in  this  steel 
was  about  1900%.  The  maximum  recorded  temperature  was  590 "C.  However,  based 
on  the  fact  that  the  shear  band  was  narrower  than  the  area  observed  by  the 
infra-red  detectors,  it  was  estimated  that  the  peak  temperature  at  the  center  of  the 
shear  band  was  about  1140°C.  The  general  appearance  of  shear  bands  in  this  steel  is 
shown  in  Figure  11  (a),  which  shows  a  white  etched  region  in  the  center  of  the 
shear  band  and  deformed  features  on  the  edges.  Figure  11(b).  Figure  12  (a)  is  an 
optical  micrograph  of  the  shear  band  in  HY-100  steel  obtained  by  means  of  a 

polarized  light.  It  may  be  noted  that  the  shear  band  in  CRS  does  not  reveal  white 

etched  area  under  polarized  light  implying  that  no  phase  transformation  occurred  in 

this  steel.  SEM  micrography  of  the  shear  band  in  HY-lOO  before  polishing  and 
etching  is  shown  in  Figure  12  (b),  which  provides  evidence  of  ductile  flow  lines  in 
the  material.  As  shown  in  Figure  2,  HY-100  steel  contains  manganese  sulfide  (MnS) 
inclusions.  These  are  relatively  large  and  may  be  either  in  the  form  of  globules  or 
stringers.  During  deformation,  voids  will  initiate  at  either  form  of  inclusion.  Figure 
11(b)  is  a  magnified  view  of  the  area  indicated  by  A  in  Figure  11(a).  It  shows 
voids  within  the  shear  band  formed  at  globular  MnS  inclusions  and  connected  with 
one  another.  In  Figure  13(a),  SEM  is  used  to  show  voids  formed  inside  the  shear 
band  by  MnS  stringers,  (a  few  globular  voids  are  also  seen).  The  linkage  of  %oids 
formed  at  globular  MnS  inclusions  is  shown  in  Figure  13(b).  With  higher 
magnification,  the  fragments  of  a  MnS  stringer  can  be  seen  inside  a  void.  Figure 

13(c).  Identification  is  effected  by  means  of  EDAX,  Figure  13(d).  Voids  can  initiate 
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by  fracture  of  MnS  stringers  or  by  decohesion  at  the  interfaces  between  the  matrix 
and  the  MnS  inclusions.  Since  the  temperature  rise  within  the  shear  band  is  quite 
high,  one  can  expect  ductile  deformation  of  the  material  due  to  thermal 
softening.  As  will  be  seen  later,  highly  elongated  ductile  dimples  on  the  fracture 
surface  provide  evidence  of  this  ductile  deformation.  With  continued  deformation, 
the  decohesion  of  the  MnS/matrix  interface  occurs  more  easily  under  the  combination 
of  the  temperature  effect  and  of  the  increasing  stress  along  the  interface. 

2-3.  AISI  4340  Vacuum  Arc  Remelted  Steel 

This  section  presents  the  results  of  microscopic  examinations  of  the  shear  bands 
in  the  two  tempers  of  the  AISI  4340  VAR  steel.  Their  microstructures  were  shown 
previously.  Figure  3,  although  a  more  complete  description  is  given  in  Reference  [35]. 
in  which  it  is  shown  that  shear  bands  will  form  with  either  microstructure.  Optical 
micrographs  of  the  shear  bands  after  polishing  and  etching  in  nital  are  shown  in 
Figure  14(a).  The  shear  band  in  the  200‘’C  temper  (RHC  =  55)  reveals  a  white 
etched  band  with  sharp  edges,  indicating  that  this  is  a  transformed  band.  As  may  be 
seen  in  Figure  14  (c),  observation  of  the  shear  band  in  polarized  light  accentuates  the 
difference  between  shear  material  and  the  matrix.  SEM  micrography.  Figure  15(a) 
shows  the  sharp  edges  separating  the  shear  band  and  the  matrix,  and  the  different 
features  in  each.  In  addition  to  etching  white,  further  evidence  of  a  phase 
transformation  is  provided  by  the  fact  that  the  bands  have  distinct  boundaries  and  a 
well-defined  width  [24].  The  width  of  the  shear  bands  we  observed  in  steels  of  this 
temper  lies  in  the  range  of  2j/m  to  Sum,  with  a  maximum  local  shear  strain  of  about 
2000%. 

Shear  bands  in  the  425  °C  temper  (RHC  =  44)  were  also  examined  using  optical 
microscopy,  Figure  14(b),  polarized  light  microscopy.  Figure  14  (d),  and  SEM,  Figure 
15(b).  Both  provide  micrographs  strongly  characteristic  of  a  transformation  band, 
i.e,  the  shear  band  area  is  white  after  etching  and  its  edges  are  relatively 


well-defined  with  different  surface  features  apparent  within  the  shear  band  area  and 
the  matrix.  However,  some  characteristics  of  a  deformed  band  can  be  seen  in  the 
425*C  temper.  The  plastic  flow  lines  of  the  material  are  quite  apparent  just  outside 
the  shear  band,  contrasting  with  the  transformed  area  where  flow  lines  are  more 
difficult  to  see  although  the  deformed  grid  pattern  shows  that  large  shear  strain  has 
occurred.  One  should  note  that  flow  lines  outside  the  shear  band  are  nearly 
completely  absent  in  the  200 °C  temper,  i.e.  this  shows  none  of  the  characteristics  of  a 
deformed  band.  For  the  425  “C  temper,  the  average  width  of  the  shear  band  is 
approximately  lOitm,  and  the  maximum  local  shear  strain  is  about  1500%. 

3.  Fractography 

The  intensely  localized  deformation  constituting  a  shear  band  frequently  leads 
to  fracture  of  the  specimen.  In  the  four  microstructures  tested  and  for  the  strain 
rates  imposed,  fracture  always  proceeds  through  the  growth  and  linkage  of  voids  and 
microcracks  along  the  shear  band.  Although,  as  will  be  seen,  the  appearance  of  the 
fracture  surface  depends  strongly  on  the  particular  steel  tested,  no  cleavage  facets  or 
other  evidence  of  ’-rittle  fracture  was  observed  for  any  of  the  four  steels.  At  first 
sight,  this  seems  a  surprising  result,  particularly  in  the  case  of  the  4340  VAR  steel 
hardened  to  RHC  55.  That  steel  shows  narrow'  shear  bands  of  the  transformed  type 
with  hardly  any  evidence  of  a  deformed  band  or  of  higher  local  strains  to  either 
side  of  the  shear  band.  Since  the  transformed  material  is  known  to  be  highly 
brittle  and  since  fracture  in  this  steel  occurs  suddenly  under  present  test  conditions, 
i.e.  with  almost  no  additional  strain  once  fracture  initiates,  one  might  expect  a  brittle 
fracture.  It  is  clear,  however,  that  the  fracture  process  is  ductile,  and  therefore. 


probably  occurs  when  the  metal  is  hot.  Thus,  the  most  distinctive  feature  of  the 
fracture  surfaces  in  the  present  dynamic  shear  tests  is  the  fibrous  nature  of  the 
fracture.  This  is  indicated  by  the  presence  of  highly  elongated  dimples.  Another 


feature  characteristic  of  certain  areas  of  the  fracture  surfaces  is  a  smoothed  and 
smeared  appearance  of  the  surface,  produced  probably  by  the  rubbing  of  opposing 
fracture  surfaces  and  perhaps  by  the  frictional  heating  following  fracture.  These  two 
features  were  seen  in  all  four  microstructures  investigated. 

3.1  MSI  1018  Cold-Rolled  Steel 

Figure  16  presents  typical  SEM  fractographs  of  areas  of  the  fracture  surface  of  the 
AISI  1018  CRS.  The  fracture  surface  is  made  up  of  regions  of  highly  elongated 
dimples.  Figure  16(a),  and  regions  with  a  smoothed  and  smeared  appearance,  as  shown  in 
Figure  16(b).  A  transition  from  a  dimpled  fracture  to  a  smooth  surface  is  also  observed. 
The  origin  of  the  elongated  dimples  probably  lies  in  the  voids  which  were  found  within 
the  shear  band.  Figures  9  and  10.  Some  evidence  of  a  knobbly  fracture  surface, 

which  is  most  frequently  observed  in  aluminum  alloys,  is  also  found.  As  a  possible 
mechanism  to  explain  this  knobbly  appearance,  Rogers  proposed  a  thermal  alteration  of 
the  surface  in  certain  areas  occurring  as  a  result  of  the  frictional  heat  generated  when 
the  two  fracture  surfaces  rub  one  another  [24],  Small  patches  of  knobbly-like  features  are 
seen  at  several  locations  in  Figure  16(a).  These  could  be  formed  through  the  mechanism 
proposed  by  Rogers. 

3.2  HY-100  Structural  Steel 

The  fracture  surface  of  HY-100  steel  specimens.  Figure  17,  shows  highly 
elongated  dimples  oriented  in  the  direction  of  shearing,  indicating  ductile  fracture. 
Figure  17(a).  Again,  one  sees  smoothed  and  smeared  surface  areas  probably  due  to 
rubbing  of  opposing  fracture  surfaces.  Figure  17(b).  Some  evidence  of  a  knobbly-like 
fracture  is  also  shown.  Figures  17(a)  shows  a  large-sized  dimple.  Many  of  these 
large  dimples  contain  pieces  of  broken  MnS  stringers,  suggesting  that  MnS  provides 
the  initiation  sites  for  the  voids.  This  would  be  consistent  with  the  role  of  MnS 


14 


during  void  formation  in  shear  bands  as  described  in  the  preceeding  section.  Figures 
15  and  16.  The  globular  MnS,  which  also  provides  initiation  sites  for  voids,  is 
believed  buried  within  smaller  sized  dimples. 

3.3  AISI  4340  VAR  Steel 

Representative  fracture  surfaces  of  two  different  microstructures  of  the  AlSl 
4340-VAR  are  shown  in  Figures  18  and  19.  In  addition  to  the  features  typical  of 
fracture  surfaces  in  shear  bands  i.e.,  ductile  dimples  and  smoothed  and  smeared 
surface  areas,  it  is  also  possible  to  see  the  knobbly-like  fracture  at  the  boundaries 
between  dimpled  and  smeared  areas.  A  typical  knobbly-like  fracture  surface  is 
shown  in  Figure  19(c)  for  the  425 °C  temper.  The  smeared  surface  area  can  be 

seen  on  the  right  of  the  photograph. 

Two  different  dimples  sizes  are  observed  on  the  fracture  surfaces  of  the  200°C 

temper  steel  as  well  as  on  the  425*0  temper.  During  fracture  in  these  two  steels  the 

crack  appears  to  follow  the  shear  band,  at  least  for  the  most  part,  as  it  propagates 
around  the  circumference  of  the  specimen.  However,  it  must  be  remembered  that  the 
shear  band  is  very  narrow  in  these  steels.  It  is  supposed,  therefore,  that  occasionally 
the  crack  path  moves  out  of  the  plane  of  the  shear  band.  Whether  this  occurs 
because  the  shear  band  does  not  lie  precisely  within  one  plane  or  because  the  crack 

path  is  not  planar,  or  both,  is  not  clear.  Whatever  the  reason,  a  typical  fracture 

surface  in  the  200 *C  temper  steel.  Figure  18(a),  shows  a  fairly  large  patch  in  which 
the  crack  was  probably  just  outside  the  plane  of  the  shear  band.  This  patch  is  quite 
wide,  since  it  goes  almost  all  the  way  across  the  wall-thickness  of  the  specimen.  Small 
dimples,  less  than  1  jim,  arc  dominant  over  the  main  fracture  surface,  i.e.  the  surface 
lying  within  the  shear  band.  In  the  patch,  however,  the  dimples  are  larger, 
measuring  2  or  3(rm  across.  A  similar  situation  obtains  in  the  425*0  temper.  Figure 
19.  Here,  the  larger  dimples  outside  the  plane  of  the  shear  band.  Figure  19(a), 


measure  3  to  S^m,  while  those  within  the  shear  band  average  about  l^m  across.  It  is 
generally  believed  that  second  phase  particles,  for  example  carbide  particles  in  the 
4340  VAR  steel  [35],  provide  nucleation  sites  for  voids.  In  a  plastically  deforming 
material,  voids  generally  form  first  at  the  larger  particles.  But  with  the  higher 
plastic  strains  that  occur  during  the  later  stages  of  deformation,  voids  also  can 
initiate  at  smaller  particles.  Therefore,  the  smaller  dimples,  shown  in  Figures  18(c) 
and  19(b),  may  be  formed  when  the  crack  lies  within  the  shear  band  at  smaller 
particles  and  under  higher  local  strains.  The  large  dimples,  however,  occur  when  the 
crack  lies  in  the  less  highly  deformed  region  outside  the  shear  band.  Since  there 
is  less  strain  in  the  region  outside  the  shear  band,  the  voids  will  form  mainly  around 
larger  particles. 

For  all  four  microstructurcs  in  the  present  study  the  fractography  suggests  that 
the  fracture  process  following  shear  localization  may  be  strongly  affected  by  heating 
due  to  the  temperature  rise  within  the  shear  band.  The  evidence  for  this  lies  in  the 
elongated  dimples  which  indicate  a  ductile  mode  of  fracture  in  dynamic  shear 
deformation.  The  appearance  of  the  smoothed  and  smeared  surface  and  the 
knobbly-like  features  arc  probably  due  to  a  sequence  of  ductile  deformation  and 
frictional  heat  generated  by  rubbing  of  opposing  fracture  surfaces. 

D.  Conclusions 

Microscopic  observations  were  made  of  the  shear  band  material  in  three 
different  steels.  In  all  cases  the  shear  bands  were  produced  by  the  dynamic 
torsional  deformation  of  thin-walled  tubular  specimens.  Failure,  i.e.  an  essentially 
complete  loss  in  the  load  carrying  capacity  does  not  always  involve  fracture.  When 
fracture  is  involved,  the  observations  show  voids  and  microcracks  leading  eventually 
to  fracture.  Even  for  the  most  brittle  steel  tested  no  cleavage  was  observed  on  any 
fracture  surface,  presumably  because  of  the  large  local  temperature  rise.  At  the  strain 


rates  imposed  in  the  present  experiments,  the  shear  bands  in  AISI  1018  CRS  are  of 
the  deformed  type.  In  this  steel,  microcracks  initiate  by  the  decohesion  of  phase 

boundaries  between  the  ferrite  and  pearlite,  by  the  fracture  of  pearlite  and  possibly 
by  the  separation  of  ferrite  grain  boundaries  where  precipitation  of  a  carbide  film 
has  occurred.  Fracture  is  completed  by  the  linkage  of  the  microcracks  to  one  another 
within  the  shear  band.  HY-100  steel  forms  deformed  bands  mostly  but  some  evidence 
of  a  phase  transformation  within  the  deformed  band  is  observed  as  well.  Manganese 
sulfide  which  exists  in  the  form  of  stringers  and  globular  particles  provides  initiation 
sites  for  voids,  or  microcracks  within  the  shear  bands.  Coalescence  of  these  voids 
precedes  the  final  fracture.  AISI  4340  VAR  steel  is  a  relatively  clean  steel  with  a 
uniformly  tempered  martensitic  microstructure  that  shows  little  evidence  of 
inhomogeneities,  such  as  those  found  in  1018  CRS  or  in  the  HY-100  steel.  Fine 

carbide  particles  in  the  tempered  martensite  for  both  200 “C  and  425 ‘C  tempers 
probably  serve  as  the  nucleation  sites  of  the  voids.  The  small  size  of  the  dimples 
on  the  fracture  surfaces  arc  evidence  that  the  voids  form  at  the  carbide  particles. 

The  shear  bands  observed  in  both  tempers  of  AISI  4340  VAR  steel  are  of  the 
transformed  type. 

Recent  modeling  of  shear  bands  has  shown  that  dimensional  variations  or 
temperature  variations  will  trigger  shear  bands  (32,33].  This  modeling  has  shown 
that  the  same  metal  under  similar  deformation  conditions  will  show  shear  banding  at 
a  lower  value  of  strain  for  larger  dimensional  or  temperature  defects.  Experimental 
evidence  is  in  agreement  with  these  results  [36].  It  seems  likely  that  a  similar 
effect  can  be  produced  by  the  second  phase  particles,  inclusions,  etc.,  which  constitute 
microstructural  defects.  While  these  may  be  more  difficult  to  relate  quantitatively  to 
shear  banding  than,  for  instance,  a  dimensional  variation,  they  are  nevertheless  of 

considerable  practical  significance.  It  is  clear,  therefore,  that  future  tests  should  be 
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performed  with  more  controlled  microstructures,  e.g.  microstructures  with  different 
size,  shape  or  density  of  inclusions. 
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Table  1.  Chemical  Compositions  (Wt  %) 


(a)  1018  CRS  Steel 

C  Mn  P  S 

.18  .71  .020  .022 
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(b)  HY-100  Steel 
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P 
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Si 

Ni  Cr 

Mo 

Pb 
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.29 

.006 

.014 

.23 

2.56  1.68 

.45 

.013 

(c)  4340  VAR  Steel 
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Mn 
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Si 

Xi  Cr 

Mo 

Cu 

A1 

N  0 

.42 

.4C 

.009 

.001 

.28 

1.74  .89 

.21 

.19 

.031 

.005  .001 

*H(ppm):1.0 


Figure  2.  Optical  micrographs  of  undeforined  HY-100  steel  showing  a  tempered  martensitic  nvi- 
crostructure  containing  MnS  inclusions  in  the  form  of  (a)  a  globule  and  (b)  a  stringer, 
indicated  by  arrows. 
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Figure  7.  The  stress-strain  behavior  of  II Y- 100  steel.  The  numbered  arrows  indicate  nominal 
strain  values  at  which  the  photographs  shown  in  Figiire  6  are  taken.  The  corresponding 
values  of  the  tiiaxiiniiiii  local  strain  are  shown  by  the  dotted  line. 


to  areas  shown  in  greater  detail  in  Figures  9  and  10. 
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Crack  in  Pearlite 
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Figure  9.  SEM  photographs  of  the  shear  band  in  1018  CRS.  The  surface  is  polished  but  not 
etched.  Figures  (a),  (b)  and  (c)  correspond  to  the  areas  A,  B  and  C,  respectively,  in 
Figure  8.  The  figures  show  a  long  arrested  crack  with  smaller  microcracks  and  voids 
formed  within  the  shear  band. 
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Figure  12.  Shear  band  formed  in  HY-100  steel,  (a)  The  appearance  of  the  shear  band  in  polarized 
light  microscopy  after  polishing  and  etching,  showing  a  white  etched  region  in  the  center 
of  the  shear  band  and  deformed  features  near  its  edges,  (b)  The  surface  structure  of 
the  shear  band  before  polishing  and  etching,  as  seen  with  SEM.  Flow  linos  can  bo  seen 
within  and  outside  the  shear  band. 


Figure  15.  Surface  structure  of  4340  VAR  steel  specimens  after  the  formation  of  a  shear  band, 
before  polishing  and  etching,  as  seen  with  SEM.  (a)  the  200  C  temper  specimen  shows 
sharp  edges  separating  the  shear  band  and  the  matrix  with  different  features  in  each, 
(b)  the  425  C  temper  specimen  shows  relatively  well  defined  boundaries  between  the 
shear  band  and  the  matrix. 
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Figure  18.  SEM  fractographs  of  4340  VAR  steel,  200  C  temper,  (a)  A  patch  containing  larger 
dimples,  prestimably  due  to  the  crack  path  moving  outside  the  plane  of  the  shear  band. 
A  magnified  view  of  the  square  area  within  the  patch  is  shown  in  (b).  (c)  Smaller 
dimples,  which  are  dominant  over  the  main  fracture  surface  formed  within  the  shear 
band,  (d)  smoothed  surface  area. 


